To examine the effect of obesity on the incidence of age-related eye disease.
M
easures of obesity, such as body mass index (BMI), waist to hip ratio (WHR), waist to height ratio (WHtR), and waist circumference (WC) have shown to be related to illness and mortality in many populations. [1] [2] [3] [4] It is advantageous to examine the effect of each of these measures as it has been shown that WHR, WHtR, or WC may be better predictors for illness or mortality than BMI, which has been commonly used as a predictor of risk. [5] [6] [7] [8] Some studies suggest that WC is a better indicator of abdominal visceral fat than BMI. 9 Waist circumference may be useful in identifying health risks even in healthy weight elderly persons. 10 It has also been reported that WHR was a better measure of adiposity-related diabetes risk than BMI in a study of 29,000 Chinese adults. 11 As a practical matter, WHR, WHtR, and WC are more easily obtained as they do not require a scale to measure body weight.
In the Beaver Dam Eye Study (BDES), we have previously reported cross-sectional associations of obesity as it relates to prevalent cataract and AMD 12 and 5-year incidence of cataract 13 as well as the 5-year incidence of macular degeneration in a collaborative study. 14 Of note, at the first BDES examination phase at which WHR was measured, it was more strongly associated with early AMD in women than was BMI. 12 While the link between excess body fat and incidence of outcomes such as cardiovascular disease, 15 type II diabetes, 16 and hypertension are clear, 17 reports of risk of age-related eye disease as related to obesity have shown to be inconsistent in strength as well as directionality of effect. 12, 14, [18] [19] [20] [21] [22] [23] Inconsistencies in study findings may be a result of differing subgroups used for analysis. Distribution of body fat and risk of disease associated with increased body mass, WC, WHR, or WhtR have been shown to differ by sex. 24, 25 Also, adiposity itself and its effect as a risk factor may be influenced by smoking status, 26 an exposure that is linked to many age-related eye diseases. [27] [28] [29] In the current report, we describe the associations in the BDES of several measures of adiposity with incident AMD, cataract, cataract extraction by sex, and smoking status 1, 18, 26 taking advantage of the long-term follow-up of this populationbased cohort.
METHODS
A private census of Beaver Dam, Wisconsin, was performed from 1987 to 1988 to identify all eligible residents 43 years of age and older for study participation. At the baseline examination (1988) (1989) (1990) , 4926 participants were seen with 3722, 2962, 2375, and 1913 seen at the 5-(1993-1995), 10-(1998-2000) , 15-(2003-2005) , and 20-year (2008-2010) follow-up examinations, respectively. Average time between visits was 5.06 years with greater than 80% participation among survivors. [30] [31] [32] Differences in baseline characteristics between survivors and nonsurvivors have been presented elsewhere. [30] [31] [32] Participants were generally younger, had lower blood pressure, and had fewer comorbidities than nonparticipants. All data were collected with approval of the institutional review board from the University of WisconsinMadison. The work complied with the Health Insurance Portability and Accountability Act in conformity with all federal and state laws, and the study adhered to the tenets of the Declaration of Helsinki. Informed consent was obtained from each participant prior to examination.
Participants were examined at the study site, in a nursing home, or in their homes. Protocols for measurements relevant to this analysis were the same across all visits. 33, 34 All examination components were performed by trained examiners. Self-reported smoking, drinking, medication, health, and lifestyle histories were obtained using a standard questionnaire. Ever-smoking was defined as having smoked at least 100 cigarettes in a lifetime; for purposes of this paper, persons were dichotomized as ever-smokers (smokers) or never smokers (nonsmokers). In smokers, the total pack-years smoked was defined as the number of cigarettes smoked per day divided by 20 and multiplied by the number of years smoked. Heavy drinking was defined as ever having consumed four or more servings of alcoholic beverages on a daily basis. A sedentary lifestyle was defined as working up a sweat less than three times a week. Participants were asked to bring all medications, which were being taken at the time of the examination, to the examination site to be recorded. Blood pressures were measured according to a modification of the Hypertension Detection and Follow-up Program protocol. 35 Hypertension was defined as systolic blood pressure greater than 140 mm Hg, diastolic blood pressure greater than 90 mm Hg, or taking a blood pressure medication at the time of examination. Glycosylated hemoglobin levels were measured at each examination. Diabetes was defined as self-report confirmed by use of insulin or diet to control diabetes, selfreport with glycosylated hemoglobin A1c level above 6.5%, or no self-report with glycosylated hemoglobin A1c above 7%. 36 Height and weight were measured at all examinations on a standard scale while participants were not wearing shoes. Waist and hip circumference were measured at each examination beginning at the second examination (BDES2, 1993 (BDES2, -1995 . Circumference measurements were taken twice and the average of the two measurements was used for analysis. Body mass index was defined as weight in kilograms divided by the square of height in meters. Waist-to-hip ratio was calculated as the WC in centimeters divided by the hip circumference in centimeters. Waist-to-height ratio was calculated as the WC in centimeters divided by the height in centimeters.
Following pupil dilation, photographs of the lens were taken in accordance with study protocol and graded in masked fashion by experienced graders. 33, 34 Slit-lamp photographs were taken to determine the degree of nuclear sclerosis and retroillumination photographs were taken to grade presence and severity of cortical cataract and posterior subscapular cataract (PSC). Scores for nuclear sclerosis were based on a 5-step severity score determined by comparisons with standard photographs. Nuclear cataract was considered present with lens opacity greater than standard 3. Scores for cortical cataract and PSC were based on the amount of lens involved. Cortical cataract was considered present if greater than or equal to 5% of the lens was involved. Posterior subscapular cataract was considered present if greater than or equal to 5% of a given lens segment was involved. 33 Presence of cataract surgery was determined by self-reported history and was corroborated by red reflex photographs.
Photographs of the retina were taken to determine presence and severity of lesions associated with AMD and the Wisconsin Age-related Maculopathy Grading System was used to assess the fundus photographs. 34 Grading procedures, lesion descriptions, and detailed definitions for presence and severity have appeared elsewhere. 37 Early AMD was defined by the presence of soft indistinct drusen or any type of drusen associated with pigmentary abnormality (i.e., retinal pigment epithelium depigmentation or increased retinal pigment). Late AMD was defined by the presence of neovascular macular degeneration or pure geographic atrophy (GA).
Statistical Analysis
For this analysis, the outcomes of interest were incidence of cataract, cataract surgery, and early or late AMD. The main risk factors were measures of body adiposity including BMI, WC, WHR, and WHtR that were measured beginning at the second examination (BDES2, 1993 (BDES2, -1995 . Participants were seen every 5 years from baseline, and data from each 5-year interval was combined to determine risk of the given outcome over a long-term 15-year follow-up. Incidence of the outcome was determined at the person level, combining data from both eyes. At the start of the interval, a person was considered at risk for the outcome if they were free of disease in both eyes. Incidence at the following examination (end of the 5-year interval) was determined if the person had disease in either eye. Persons were eligible to contribute to analysis until incidence of the outcome of interest or censoring occurred. To contribute to analysis in a given 5-year interval, a person must have had complete data on the risk factors of interest (BMI, WHR, WC, or WHtR) and the outcome (incident nuclear, cataract, cortical cataract, or PSC, cataract surgery, or early or late AMD) and all covariates included in the maximally adjusted model (age, sedentary lifestyle, diabetes, hypertension). All analyses were performed with stratification by sex and smoking status.
All models presented were fit using the discrete-time hazard model with complementary log-log link function and time varying predictors. 38 Risk variables were updated and censoring was accounted for appropriately. In this way, change in the risk profile, for example being a nonsmoker and becoming a smoker, were updated at the beginning of each 5-year interval. P values represent a two-tailed test of significance with a equaling 0.05. Effects of body measures on risk of ocular outcomes were examined in an age adjusted model and a maximally adjusted model which included age, sedentary lifestyle, and presence of hypertension and diabetes. SAS version 9.3 (SAS Institute, Inc., Cary, NC, USA) was used for all analyses.
RESULTS
In our preliminary analysis we examined the effects of BMI, WHR, WHtR, and WC on incidence of cataract, cataract surgery, and early and late AMD by sex and smoking status. Waist and hip circumference were measured beginning at the second examination (BDES2, 1993-1995); therefore, these models examine the risk of each outcome by the given risk factors over 15 years of follow-up (BDES2 to BDES5 2008-2010). Overall, there were 2641 participants (870 female nonsmokers, 640 female smokers, 368 male nonsmokers, and 763 male smokers contributing 1824, 1334, 803, and 1606 person-visits, respectively) contributing to this analysis for at least one outcome. Participant characteristics over all personvisits for those included and excluded from analysis are presented (Supplementary Table S1 ). Generally, persons who were excluded from analysis were older and had more comorbid conditions compared with those included.
For those included, female smokers tended to be younger than nonsmokers. There were no significant differences between female nonsmokers and smokers with respect to systolic or diastolic blood pressure, education level, BMI, WC, WHR, WHtR, heavy drinking, cardiovascular disease, hypertension, diabetes, having a sedentary lifestyle, or using vitamins. In males, nonsmokers tended to be older and have more years of education and smaller WC as compared with male smokers. Male smokers were more likely to have ever been a heavy drinker, have cardiovascular disease, or diabetes and were less likely to have a sedentary lifestyle (Table 1) .
In female nonsmokers, there were no significant associations between any measure of adiposity and any cataract endpoint. However, increased BMI was associated with increased risk of early AMD in age adjusted and maximally adjusted models (for the maximally adjusted models HR per 2.5 kg/m 2 1.10, 95% CI 1.02-1.19, P ¼ 0.02). In female nonsmokers, each body measure was associated with increased risk of late AMD in the age adjusted and maximally adjusted models (BMI: HR per 2.5 kg/ m 2 1.31, 95% CI 1.15-1.50, P < 0.001; WC: HR per 5 cm 1.21, 95% CI 1.10-1.34, P < 0.001; WHR: HR per 0.1 cm/cm 1.95, 95% CI 1.33-2.86, P < 0.001; and WHtR: HR per 0.1 cm/cm 1.74, 95% CI 1.31-2.31, P < 0.001; Table 2 ). In male nonsmokers, increased BMI, WHR, and WHtR were associated with greater risk of cortical cataract and PSC in the age adjusted model, but these effects did not remain significant when adjusting for confounders in the maximally adjusted model (Table 2) .
In females smokers, BMI, WC, WHR, and WHtR were associated with increased risk of cataract surgery in the age adjusted models; however, these results were attenuated and not significant in the maximally-adjusted model. In male smokers, increased WHtR was associated with increased risk of cortical cataract or PSC in the age adjusted model, although this did not remain significant when adjusting for other risk factors. Greater WC and WHtR were associated with increased risk of late AMD in male smokers when adjusting for age. There was not significant power in this subgroup to calculate the effect of any body measure on incidence of late AMD in the maximally adjusted model (Table 2) .
To illustrate the effect of BMI and WHR on risk of late AMD in females, results of the age-adjusted model are presented in the Figure. Incidence of late AMD in female smokers remained constant as BMI increased, while in nonsmokers the incidence of late AMD increased with increase in BMI. For nonsmokers, the risk of late AMD increased significantly with greater WHR (P < 0.001), while incidence of late AMD in smokers decreased with increasing WHR, although the effect was not significant (P ¼ 0.12).
DISCUSSION
We examined the effect of measures of adiposity on risk of eye disease, including cataract, cataract surgery, and AMD and found different measures of obesity to be associated with increased risk of late AMD in females who were nonsmokers. This is important because understanding the impact of obesity on health outcomes is critical at a time when obesity rates 
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continue to increase across the globe. Inconsistencies in reporting of the link between obesity and eye disease may be a result of differences in population structure; therefore, research is needed to identify how obesity measures impact risk in various subgroups. It has been shown that the risk of adverse health outcomes due to increased BMI may be modified by the effect of current and former smoking. Adams et al. 1 showed that the effect of BMI on mortality was more pronounced in those without a history of smoking, while this effect was masked when grouping smokers and nonsmokers together in analysis. In another study it was found that both sex and smoking status modified the relationship between measures of obesity and risk of early and late AMD, although they found the effect in men only, which highlights the importance of subgroup analysis in order to gain insight into the complex relationships between these risk factors. 18 Chiolero et al. 26 points out that smoking may be linked to other risk health behaviors such as being sedentary, having increased alcohol intake, or having an unhealthy diet; therefore a higher BMI would not pose an increased risk beyond these factors, which are captured by smoking status.
Our findings are consistent with previous reports by Klein et al. 12, 20 as well as those by Chakravarthy and Seddon.
19,23
While Tomany 14 did not find a relationship between BMI and late AMD in a collaborative, multicohort study, that report did not stratify by sex or smoking status and may have attenuated any possible associations. The higher incidence of AMD associated with more adipose tissue in older nonsmoking females may reveal a true increase in susceptibility, which is masked by smoking behavior in other analyses. Further study of this observation is warranted because if confirmed, intervention on this characteristic is possible. To what extent measures of body shape and body size not affecting risk of AMD in males could be attributable to a different smoking intensity by sex (male smokers tended to have more pack-years than female smokers in this cohort), or a changing effect of adiposity measures as related to age is yet unknown and is beyond the scope of this manuscript. The relationship between age, sex, body shape, body size, and highrisk habits such as smoking is quite complex and warrants further research.
While our study has many strengths, including 15 years of long-term follow-up using standardized protocols and fundus and lens photographs to assess AMD and cataract status in a well-established population with a low rate of attrition, it also has shortcomings. First, waist and hip measurements were not taken at the baseline examination; therefore, analyses involving these measures are limited to 15 years, which somewhat limits the statistical power to find an effect. Second, the population is limited to persons of white European descent, and these findings may not be generalizable to persons of other races/ ethnicites. There are constitutional factors related to obesity that we have not considered (e.g., genes associated with adiposity, ethnicity, adipokines). Studying their effect may further the understanding of the role of systemic factors and age-related eye disease.
In summary, we find little evidence to support the notion of adverse effects of adiposity on the lens. However, we found that risk of late AMD in female nonsmokers increased significantly with increased measures of body adiposity, which highlights the importance of further investigation and corroboration of this finding.
